Using SrTiO 3 nanocuboids as a model system, we show with aberration-corrected high resolution electron microscopy at sub-Å resolution that surface relaxations or reconstructions are present on the nanocuboids, depending on the synthetic process. Oleic acid synthesis, acetic acid synthesis, and microwave-assisted acetic acid synthesis result in a SrO termination, TiO 2 -rich reconstruction, and mixed termination, respectively. The experimental atomic positions are in better agreement with density functional theory calculations using an exact-exchange corrected PBEsol functional than the PerdewBurke-Ernzerhof (PBE) functional. [18] are known to exist. A simple but harsh question often asked in the surface science community is whether these reconstructions are relevant in real applications. Herein, we use aberrationcorrected high resolution electron microscopy (HREM) profile-view imaging demonstrating that different surface structures are present on SrTiO 3 nanocuboids, dependent on the synthesis method.
The surface of SrTiO 3 is one of the most studied because of its importance for applications ranging from thin film substrates [1, 2] to catalytic supports [3] , and in photocatalysis [4] . Similar to the surface of other oxides (e.g., [5] [6] [7] ), a variety of reconstructions on SrTiO 3 single crystals have been observed. For example, the (2 Â 1) [8] [9] [10] , (2 Â 2) [11] [12] [13] , cð4 Â 2Þ [8, [14] [15] [16] , cð4 Â 4Þ [8, 13] , (6 Â 2) [17] , and many more [18] are known to exist. A simple but harsh question often asked in the surface science community is whether these reconstructions are relevant in real applications. Herein, we use aberrationcorrected high resolution electron microscopy (HREM) profile-view imaging demonstrating that different surface structures are present on SrTiO 3 nanocuboids, dependent on the synthesis method.
The SrTiO 3 nanocuboids used have a well-defined, thermodynamically stable shape with primarily (100) type surfaces exposed. In single crystal studies, the well-ordered (2 Â 1), (2 Â 2), cð4 Â 2Þ reconstructions, all of which were found to contain TiO 2 double layers (a surface excess of 1.5 TiO 2 =1 Â 1 surface cell), have been structurally solved for the SrTiO 3 (100) surface [9, 15, [19] [20] [21] . More recently, glasslike locally ordered structures of ð p 13 Â p 13ÞR33:7 (RT13), (3 Â 3) , and ð p 5 Â p 5ÞR26:6 (RT5) were solved and found to be stable for lower surface excesses of TiO 2 [22] . All these reconstructions have been observed for samples prepared with an ion-beam cleaning or thinning step which leads to a TiO 2 -rich surface; in principle, other surface structures such as a SrO termination can occur if the surface composition is changed. Three methods of synthesizing the SrTiO 3 nanocuboids were employed. The first was a hydrothermal process within a lamellar microemulsion involving oleic acid which also acts as a surfactant [23] , the second was a hydrothermal process without an ordered microemulsion using acetic acid [24] , the third was the same type of synthesis as the second one but the hydrothermal process was conducted in a microwave oven. The average sizes for the nanocuboids from the three syntheses are approximately 20, 65, and 35 nm, respectively. We will refer to the three syntheses as oleic acid, acetic acid, and MA-HT syntheses later. The HREM experiments were performed using a FEI Titan 80-300 TEM operated at 200 keV with spherical (Cs) and chromatic (Cc) aberration correctors [25] . The as-prepared SrTiO 3 nanocuboids were mixed with ethanol and deposited on a lacey carbon film supported on a copper grid. The Cc was tuned to be less than 1 m and the Cs corrected to close to 0 m. The other aberrations of the objective lens were tuned to an acceptable level on an amorphous area before image recording. After the sample was tilted to a (110) zone axis, a throughfocal series of images were taken of the same area with 2 nm steps.
Density functional theory (DFT) calculations were performed with the all-electron augmented plane wave þ local orbitals WIEN2K code [26] . The surface in-plane lattice parameters were set to those for the corresponding DFT optimized bulk cell, and a N Â N Â 10 supercell for a N Â N surface reconstruction was used with $1:6 nm of vacuum to avoid errors within the DFT calculations as well as in the image simulations. Muffin-tin radii were set to 1.6, 2.45, and 1.8 Bohr for O, Sr, and Ti, respectively, as well as a minðRMTÞK max of 7.5 and a 16=N Â 16=N Â 1 k-point grid. For the surface reconstructions, the models were obtained directly from previous studies [9, 15, 22, 27] , relaxed as needed (see Supplemental Material [28] for atomic positions). In addition to conventional DFT calculations with the Perdew-Burke-Ernzerhof (PBE) functional [29] we also used an on-site hybrid [30, 31] PBEsol0 functional which is based upon the PBEsol functional [32] with
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The simulation of the HREM images was performed using the MacTempas program based on the multislice method [34] and conventional nonlinear imaging theory [35] . The DFT relaxed structures were rescaled to the bulk lattice parameters (for PBE this was a 0.32% contraction, for PBEsol0 a 0.18% expansion). Detailed simulation procedures are described in the Supplemental Material [28] . While the samples have locally varying thicknesses, due to their geometry this is known a priori so relevant thicknesses were used without any adjustable parameters (no Stobbs factor) with images for different thicknesses spliced together which is a good approximation due to zone-axis channeling. The peak positions for both the experimental and simulated images were measured by fitting the intensity maxima with two dimensional single Gaussian functions.
A typical SrTiO 3 nanocuboid synthesized by the oleic acid method imaged along the [110] direction is shown in Fig. 1(b) . A higher magnification image of this nanocuboid with the surface layer (the top layer) clearly resolved is shown in Fig. 1(a) . The contrast in the bulk region can be directly interpreted: the bright spots are atoms. This is consistent with previous HREM study of SrTiO 3 single crystals under similar imaging conditions (small Cs and small overfocus) [36] . Figure 1 (d) shows a simulated HREM image from a DFT relaxed SrO (1 Â 1) surface, which matches the experimental image. Note that other surface structures can show the same surface periodicity, but the contrast is drastically different from the experimental image (see Supplemental Material [28] ). The surface of the nanocuboids synthesized by the oleic acid method has a 1 Â 1 SrO termination.
A detailed measurement of the interlayer spacing in the HREM image based on the Gaussian fitted positions is shown in Fig. 2(a) . The spacing of the two outmost surface layers is significantly different from the bulk. For a better comparison, we simulated HREM images using unrelaxed and DFT relaxed surface structures. The interlayer spacing measurement was also conducted on the simulated HREM images, as shown in Fig. 2(a) . The results from the DFT relaxed structures match the experiment much better than the unrelaxed structure. The DFT calculations indicate an approximately 13% normal contraction of the outmost layer (d1) and a 5% expansion of the subsurface layer (d2) compared to the bulk. The experimental oscillation of the interlayer spacing in the bulk region is due to residual astigmatisms and sample tilt (see Supplemental Material [28] ). A careful check of the absolute peak positions shows that the result from the PBEsol0 functional is closer to the experimental results, as shown in Fig. 2(b) . With the PBE functional the atomic spacings at the surface are contracted too much; this can be understood as the PBE functional is too covalent and overbonds the surface atoms while the hybrid functional overcomes this shortcoming somewhat by correcting the exchange term for the strongly correlated d electrons of Ti.
The surface of the nanocuboids synthesized by the acetic acid method is shown in Fig. 3(a) , in which the bright spots are atoms. To identify the surface structure of the nanocuboids, all the solved surface reconstructions were used to simulate HREM images (see Supplemental Material [28] ). The well-ordered cð4 Â 2Þ, (2 Â 1), and (2 Â 2) surface reconstructions can be ruled out, as they all result in localized strong intensity at the surface Ti columns while the intensity for the oxygen columns is too weak and diffuse. The simulated HREM images from the glasslike locally ordered RT13, (3 Â 3) and RT5 surface reconstructions match the experimental data much better (see Supplemental Material [28] ). A careful investigation of the surface column positions and the intensity profiles shows that RT13 and RT5 surfaces agree slightly better with the experiments than the (3 Â 3). There exist models for SrTiO 3 (001) surfaces such as a ð p 5 Â p 5ÞR26:6
containing Sr adatoms [37, 38] , although DFT calculations have indicated that these require conditions far from equilibrium [39] and are contradicted by more recent, higher-resolution STM images [40] . We also did HREM simulations for this structure and found that the contrast at the surface does not match the experimental images (see Supplemental Material [28] ). The simulated image from the RT13 surface with varying thicknesses and defoci is shown in Fig. 3(d) . We note that the energy difference between the locally ordered structures is small (see [22] and Supplemental Material [28] ), so it is probable that the surface is a combination of the three structures, i.e., a glass. We conclude that the surface termination for this synthesis is a locally ordered TiO 2 glass on top of the (1 Â 1) TiO 2 subsurface, as predicted [22] . The TiO 2 -rich surface is also consistent with the epitaxy of Pt on acetic acid synthesized SrTiO 3 nanocuboids, which shows a clear cube-on-cube epitaxy [41] .
The MA-HT synthesis result is shown in Fig. 4(a) . For region type I (indicated by the red arrows), the surface can be interpreted as a SrO termination comparable to the oleic acid synthesis case. The simulated HREM image using a SrO terminated surface is shown in Fig. 4(d) , which matches with the experimental image well. In contrast, for region type II (indicated by the blue arrows), a reconstruction exists. Using the same methodology as for the previous two syntheses, we found that a locally ordered surface with both TiO 2 double-layer and SrO terminations overlapping along the beam direction matches best with the experimental image in these areas (see Supplemental Material [28] ). A simulated HREM for a layered structural model with equal contribution of SrO termination and the (3 Â 3) reconstructed termination is shown in Fig. 4(d) and shows reasonably good agreement with the experimental images.
It is clear that the surface structure depends upon how the nanocuboids are synthesized. Oleic acid is a typical surfactant, and has a long carbon chain (18 carbons) with separated hydrophobic and hydrophilic groups. As a result, ordered liquid crystal-like structures are formed during the hydrothermal process [23] . With oleic acid, the end product is a nanocuboid coated with a monolayer of relatively strongly bound carboxylate groups, as evidenced from other TEM and FT-IR data (see Supplemental Material [28] ). A SrO termination is more basic than a TiO 2 termination [42, 43] ; hence, the bonding between the Sr cation and oleate anion is energetically favored. As a result, there is a strong driving force for a SrO termination. Note that our HREM samples were washed in ethanol, which can remove the organic ligands on the surface (see Supplemental Material [28] ). Thus the surface is sharp and clean in the HREM images.
In contrast, acetic acid is soluble in water and no microemulusion structures are present during the hydrothermal process. Energetically the formation of the glasslike locally ordered reconstructions is favored, as they are located on the convex hull [22] . Unlike some reconstructions formed in UHV, the reconstructions of SrTiO 3 are formed in solution, and they are fully oxidized. While it is possible that there is some absorption on the surface, the absorption is rather weak and does not play an important role on the surface structures. DFT calculations show that for a wet surface of SrTiO 3 (001), the stable surface structure is the pure reconstructed SrTiO 3 surface with water molecules rather weakly chemisorbed [44] . In the high vacuum environment of the TEM chamber, as well as the electron beam irradiation, the weakly absorbed molecules desorb quickly and leave the surface of the nanocuboids sharp and atomically flat.
Microwave assisted hydrothermal synthesis is a new technique whose complete role in synthesis is still unclear [45] . Microwave irradiation can induce different morphologies and even new phases. For example, it was found that for the synthesis of BaTiO 3 nanoparticles, the particle size, phase purity, and surface areas are influenced by the microwave frequency [46] , and microwave irradiation on the as-prepared truncated BaTiO 3 nanocubes can enhance a ferroelectric phase transformation [47] . It is clear that the electric field couples with the dielectric constant of the precursors and the end products. Exactly why microwave irradiation enhances the SrO termination and makes the surface more stoichiometric (similar amount of surface SrO and TiO 2 ), we leave as an open question for future study.
It is worth noting that the commonly assumed (1 Â 1) TiO 2 surface termination does not exist for any of the syntheses. This is expected as the surface energy of (1 Â 1) TiO 2 termination is above the convex hull.
In summary, we have shown that for SrTiO 3 nanoparticles the atomic surface structures are synthesis dependent. The SrO termination and the locally ordered TiO 2 -rich surface reconstructions are in agreement with surface acidity as well as DFT energetics. The microwave irradiation results in a more stoichiometric mixed surface termination. These findings are of relevance for catalytic and thin film applications where SrTiO 3 is a popular substrate, and should be qualitatively extendable to other oxide nanoparticles.
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